The nucleotide sequence of clone p n 2 6 (3786 bp), containing the gene for 1,3-pglucanase LamA (laminarinase) from Tnermofoga neapolitana, was determined. It contains an ORF encoding a protein of 646 aa (73328 Da). The central part of the protein is homologous to the complete catalytic domain of bacterial and some eukaryotic endo-l,3-&~-glucanases and belongs to family 16 of glycosyl hydrolases. This domain is flanked on both sides by one copy on each side of a substrate binding domain homologue (family 11). The recombinant laminarinase protein was purified from Escherichia coli host cells in two forms, a 73 kDa and a processed 52 kDa protein, both having high specific activity towards laminarin (3100 and 2600 U mg-l, respectively) and Km values of 2.8 and 2.2 mg mF, respectively. Limited activity on 1,3-1,4-/3-glucan (lichenan) was detected (90 U mg-l). Laminarin was degraded in an endoglucanase modus, yielding glucose, laminaribiose and ltriose as end products. Thus LamA classifies as an endo-l,3(4)-/3=gIucanase (EC 3.2.1.6). The optimum temperature of the enzymes was 95 "C (73 kDa) and 85 "C (52 kDa) at an optimum pH of 62. The superior thermostability of the 73 kDa enzyme is demonstrated by incubation without substrate at 100 "C, where 57% of the initial activity remained after 30 min (82% at 95 OC). Thus, LamA is the most thermostable 1,3-&glucanase described to date.
INTRODUCTION
Thermotoga neapolitana, a close relative to T . maritima, was isolated from marine environments with volcanic activity. It is a saccharolytic, extremely thermophilic, Gram-negative eubacterium which grows up to a maximum temperature of 90 "C (Huber & Stetter, 1992) . It readily catabolizes mono-and polysaccharides. The GenBank accession number for the nucleotide sequence reported in this paper is 247974.
Thermostability of its hydrolytic exoenzymes promises considerable biotechnological application potential. Thermotogales also comprise the deepest branch of both the archaeal and eubacterial lineages. Their genes are therefore ideally suited to investigate the evolutionary aspects of the origin and development of enzyme families.
1,3-/?-Glucan is a main cell wall component in yeasts and filamentous fungi, and a major structural and storage polysaccharide (laminarin) of the marine macro-alga Laminaria saccharina. It also is produced as insoluble exopolysaccharide by some bacteria, e.g. Alcaligenes faecalis var. myxogenes (curdlan) . The P-glucanases degrading 1,3-P-glucans can be divided into two hydrolytic types : exoglucanases releasing exclusively laminari-Rhodotbermus marinus (Spilliaert et al., 1994) , Clostridium thermocellum (Schwarz et al., 1988) and Thermotoga maritima (Bronnenmeier eta/., 1995) . Most enzymes have not been characterized in detail. Amino acid sequences of these two enzyme classes are not homologous to each other and seem to have developed independently, They can also be distinguished by their degradation product pattern : whereas the exoglucanases hydrolyse the substrate sequentially and yield only laminaribiose (even on short incubation), the endoglucanases attack 173-P-glucan at random to a bulk of different laminari-oligosaccharides with decreasing average lengths on longer incubation. The oligosaccharide pattern in a complete hydrolysis is characteristic for a given enzyme.
1,3-P-Glucanases have a potential for commercial yeast extract production and for the conversion of algal biomass to fermentable sugars. They also have, in combination with chitinases, antimycotic activity for disease protection of plants (Nogi & Horikoshi, 1990) . The bacterial endo-1,3-P-~-glucanases are classified in EC 3.2.1.39 (1,3-P-~-glucan glucanohydrolases), but some also have properties of endo-1,3 (4) -P-glucanases classified in EC 3.2.1.6 [1,3-(1,3;1,4)-P-D-glucan 3(4)-glucanohydrolases] .
A genomic library has previously been constructed from T . neapolitana strain Z2706-MC24. It was screened for enzymic activities related to cellulose and hemicellulose degradation. One of the clones (pTT26) was active on the 1,3$-glucan laminarin and the mixed-linkage glucan lichenan (Dakhova et al., 1993) . In another report, a 1,3-P-glucanase activity was isolated from the culture supernatant of T . maritima, which is a closely related strain (Bronnenmeier et al., 1995) . This P-glucanase was not characterized further.
In this paper we describe the primary structure of the gene and the LamA protein of T . neapolitana. We discuss the relationship of the 1,3-/3-to the 1,3-1,4-Pglucanases and present a characterization of the purified recombinant laminarinase, which is thermostable and extraordinarily active.
METHODS
Bacterial strains, plasmids and growth conditions. Escherichia coli TG1 {supE hsdD5 thi A(1ac-proAB) [F' traD36 proAB' ladq lacZAM151) was obtained from the Microbial Collection of IMG, RAS, Moscow. Plasmid pTT26, containing the laminarinase gene of Therrnotoga neapolitana Z2706-MC24, has been described by Dakhova et al. (1993) . Recombinant E. coli cells were grown at 37°C in LuriaBertani broth containing 100 pg ampicillin ml-'.
Cell fractionation. E. coli(pTT26) cells were collected by centrifugation and washed in 0.1 vols 25% (w/v) saccharose+0.1 M EDTA, resuspended in the same volume of distilled ice-cold water and shaken for 10 min in the cold. After centrifugation, the supernatant contained the periplasmic proteins. The pellet was resuspended in 0.1 vols 50 mM imidazole/HCl buffer (Im/HCl buffer, pH 6.8) and ultrasonicated (22 kHz, 15-20 min) on ice. The sonicate was centrifuged. The supernatant contained the cytoplasmic fraction; the pellet was resuspended in 5 0 m M Im/HC1
Purification of the enzyme. E. coli(pTT26) cells (from 2 1 culture) were ultrasonicated in 150 ml Im/HC1 buffer + 0.1 M NaCl + 0.1 '/o Triton X-100, heated to 85 "C for 40 min and centrifuged. The supernatant was applied to a 1.5 x 8-0 cm DEAE Toyopearl 650M column, equilibrated with the same buffer and successively washed with Im/HCl buffer + 0.15 M NaCl and Im/HCl buffer+0-25 M NaC1, and eluted with steps of Im/HC1 buffer + 0.4 M NaCl + 0.1 O/O Triton X-100 and Im/HC1 buffer + 0.6 M NaCl + 0.1 '/o Triton X-100. Protein fractions were ultrafiltered to wash out the Triton X-100.
DNA sequencing. The DNA sequence was determined from supercoiled double-stranded plasmid DNA by cycle sequencing of both strands (Boehringer Cycle Sequencing Kit) with biotinylated primers. DNA fragments were detected with a GATC 1500 Direct-Blotting Electrophoresis Apparatus using streptavidin-conjugated alkaline phosphatase and NBT-BCIP as chromogenic substrate (Tropix). Sequence data were analysed and compared with the DNASIS/PROSIS for Windows package (Hitachi Software Engineering). Nucleotide and protein sequence databases were screened using the FASTA and BLAST software at the NCBI server (URL address: h t tp : / / w w w . nc bi . nlm .ni h .gov) , Enzymic assays and detection of hydrolysis products. Enzyme aliquots in standard assays were incubated in sodium phosphate/citrate buffer (50 mM, pH 6.2) with 0.7 '/o substrate at 85 "C. Reducing sugars released from polymeric substrates were detected by the 3,s-dinitrosalicylic acid method (Wood & Bhat, 1988) . One unit of activity is defined by the release of 1 pmol glucose equivalent min-l. Digests of laminarin were applied to TLC (Silica-gel plates). Mono-and oligosaccharides were separated in multiple runs in acetonitrile/water (80:20) and detected by spraying with a solution of 1 g diphenylamine and 1 ml aniline in 100 ml acetone. For HPLC analysis (System Gold, Beckman Instruments), 0 5 '/o laminarin was digested in MES buffer (25 mM, pH 6.0) at 90 "C; additional enzyme was added after 10 h. Hydrolysis products were separated at 85 OC in H,O using an Aminex HPX-42A column (300 x 7.8 mm; Bio-Rad) fitted with a microguard precolumn (Deash, Bio-Rad) and detected by refractometry .
Oat spelt xylan, CM-cellulose, lichenan and laminarin were obtained from Sigma and Aldrich. Laminaridextrins as size standards for HPLC and TLC were obtained from Seikagaku c o .
RESULTS
Sequencing of clone plT26 DNA and sequence a na I ysis
The nucleotide sequence (3786 bases) of the previously described clone pTT26 (Dakhova et al., 1993) was determined. An ORF is apparent from base 851 to 2855 ending with an opal stop codon (Fig. 1) . A potential ribosome binding site is located at base 908, leading to a coding sequence starting with ATG at base 918 and expressing a protein of 646 aa (73328 Da). The ORF shows amino acid sequence similarity to bacterial 1,3-Pglucanases and was therefore called lamA. It is followed by a downstream 7 GC-pairs hairpin structure of AG = -22.2 kcal mol-l(2864-2883) and a run of 4 T residues, a potential transcription terminator.
The lamA gene is preceded on the same DNA strand by an incomplete ORF (orfl ; base 2-898) with a distance of only 3 bases between the stop codon and the lamA Shine-Dalgarno sequence. The 299 determined amino acid residues are 37.5 Yo identical with, for example, the C-terminal region of the P-glucosidase bglB sequence of Cl. thermocellum (Grabnitz et al., 1989) , a member of family B P-glucosidases. No secondary structure could be predicted in the DNA between orfl and lamA, and a read-through of at least these two genes seems to be possible. It would end at the palindromic structure downstream of lamA.
Within the amino acid sequence of lamA, three domains (Al-Cat-A2) can be distinguished in addition to a hydrophobic N terminus with the features of a typical signal peptide (van Heijne, 1986) (Fig. 2) . The catalytic domain (Cat) can be assigned to family 16 of glycosyl hydrolases (Henrissat & Bairoch, 1993) by its homology to the complete catalytic domains of bacterial 1,3-pglucanases and mixed-linkage glucanases of Bacillus and other bacteria. Especially high overall homology (42.8 YO identity in a 257 aa overlap) was found to thermostable R. marinus P-glucanase BglA (Spilliaert et al., 1994) . The N terminus of the catalytic domain can be exactly defined to amino acid residue Asp-215 by homology to the N termini of mature bacterial 1,3-P-glucanases, the PglII, isoenzyme of 0. xanthineolytica LL G109 (Ferrer et al., 1996) and the 28 kDa and 42 kDa 1,3-P-glucanases of B. circulans IAM 1165 (Aono et al., 1995 . Domains A1 and A2 show homology to each other and to sequences of cellulose-binding domain family I1 (Coutinho et al., 1992; Tomme et al., 1995) . They are not separated from the catalytic domain by obvious PTS-box reminding hinge regions. In contrast to the binding domain of Cellulomonas fimi CenC (Nl, N2) , where two consecutive tandem repeats of family I1 binding domains are present, in LamA the two copies of the binding domains are separated by the catalytic domain.
Purification of the recombinant 1,3-/3-glucanase
The lamA gene of clone pTT26 was expressed in E. coli host cells in both orientations of the insert DNA, i.e. independently of external E. coli promoters. In the E. coli host, about 5 % of total enzyme activity was present in the periplasmic fraction, 67% in the cytoplasmic fraction and 28% in the insoluble fraction (membrane fraction). Consequently, the enzyme was purified to electrophoretic homogeneity from the E. coli cell lysate (2250 U, 480 mg protein) by heat precipitation (91 YO yield) followed by DEAE ion exchange chromatography (49 YO yield), leading to a 470-fold enrichment. Of great advantage for this simple purification scheme was the high negative charge of the protein at pH 6-8, resulting in a strong binding to the DEAE ion exchange material, which allowed for a washing step at high ionic strength before elution (0.25 M NaCl). Two fractions with homogeneous proteins of 52 and 73 kDa, as determined by SDS-PAGE, could be purified by elution from the column with 0.4 and 0.6 M NaCl, respectively. They had a specific activity of 2100 and 2500 U mg-l, respectively. Due to the high hydrophobicity of the enzyme, it had a tendency for aggregation, which made the presence of Triton X-100 unavoidable in all chromatographic steps.
Characterization of the purified LamA
The two purified recombinant protein fractions (52 and 73 kDa) were capable of degrading laminarin (100 % ) and to a lesser degree lichenan (4.2%); both were inactive towards 1,4-P-and a-glucan substrates (0 % ) and xylan (0.07%). This characterizes the enzyme as laminarinase. HPLC analysis of the hydrolysis products of both enzyme species (Fig. 3) yielded intermittent laminaridextrins. These were efficiently degraded to glucose, laminaribiose and -triose, which were not further hydrolysed. This degradation pattern is characteristic for endoglucanases. Laminaribiose was not the only end product as is found for exo-1,3-~-glucanases (Kanzawa et al., 1994 ). An identical pattern was described for the endo-1,3-P-glucanase of R. marinus (BglA, Spilliaert et al., 1994) and B. circulans KCTC3004 (Lee & Chang, 1995) . If laminarin was hydrolysed in the presence of slightly higher salt concentrations (0.1 M sodium phosphate/citrate buffer), intermittently formed laminaritriose was processed preferentially, possibly by transglucosylation, as shown by TLC (data not shown) ; glucose, laminaribiose and -tetraose were the end products.
Both proteins proved to be stable under extreme temperature conditions in the absence of substrate : 82% of the 73 kDa enzyme activity could still be observed after 30 min at 95 "C, and even 57 % at 100 "C, whereas the 52 kDa enzyme was inactivated to 45% at 95 "C. EDTA (10 mM) and a p H above 7.5 or below 4.5 inactivated the 52 kDa enzyme at 95 "C by more than 90%. The 73 kDa enzyme was more stable at low pH.
LamA was even more stable in the presence of substrate: the enzyme had under standard incubation conditions an optimum activity at a temperature of 85 "C (52 kDa) and 95 "C (73 kDa). Optimum enzyme activity was observed around p H 6.1 (52 kDa) and pH 6.3 (73 kDa) (Fig. 4) , both having more than two-thirds of their activity between pH 5 and 8.5. The buffer with the highest enzyme stability and activity was 50 mM Im/HC1 buffer. A difference in temperature stability with laminarin or lichenan as substrate, as has been shown for CZ. thermocellum laminarinase LicA (Schwarz et al., 1988) , was not observed. The 73 kDa laminarinase was not only stable against thermoinactivation, but also relatively insensitive to inactivation by detergents and solvents: at 1 % (w/v) SDS and 10% (v/v) ethanol it was 30 and 40% active, respectively (20 min incubation).
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Kinetic parameters were determined for the overall hydrolytic action on laminarin by measuring the initial velocities at each substrate concentration from the slope On: Thu, 13 Dec 2018 04:44:51
of the linear portion of the reaction curve. A VmaX of 2600 and 3100 U mg-' and a K , of 2.2 and 2.8 mg ml-l for the 52 and 73 kDa proteins, respectively, were determined with sodium phosphate/citrate buffer (70 mM), pH 6.2, at 85 and 95 "C, respectively.
DISCUSSION
The molecular mass of 73328 Da, calculated from the sequence, is in accordance with the estimated molecular mass of the purified 73 kDa recombinant LamA protein from SDS-PAGE. For the 52 kDa p-glucanase, also purified from the recombinant cells, identical enzymic activities and purification profiles, and similar biochemical characteristics were observed, strongly suggesting that the 52 kDa protein resembles a processed form of the 73 kDa gene product. Possible processing sites near the interdomain boundaries outside the catalytic domain (purportedly at the C-terminal side) would yield an enzymically active fragment mass of about 55 kDa and could explain the occurrence of the 52 kDa enzyme. Such a cleavage at interdomain boundaries is common in complex thermostable exoproteins and has been described, for example, for the endoglucanase CelZ of Cl. thermocellum (Jauris et al., 1990) .
The high degree of sequence identity with the active site region of Bacillus type mixed-linkage glucanase protein sequences (Fig. 5) suggests that the LamA enzyme could also have a retaining stereochemical course of hydrolytic action (Malet et al., 1993) . This mechanism requires two functional groups present in the correct spacial setting.
According to the molecular model of the hybrid Bacillus 1,3-1,4-P-glucanase, the general acid is Glu107 (Glu343 in LamA) and the catalytic nucleophile is Glu103 (Glu338) (Hahn et al., 1995) . These residues are, in addition to Asp105 (Asp340) and GlyllO (Gly346), highly conserved throughout the sequences of bacterial lichenases and laminarinases (Fig. 5) . Other highly invariant residues include Ile104 (Ile339) and Ile106 (Ile341).
The lichenases of B. amyloliquefaciens or B. macerans display an extraordinary substrate specificity on lichenan and hydrolyse only 1,4-p-bonds which are adjacent to 1,3-p-bonds (Anderson & Stone, 1975 (Schimming et al., 1992; Zverlov et al., 1994) , which was previously also described as a laminarinase (Zverlov & Velikodvorskaya, 1990) , or the laminarinase of R. marinus (Spilliaert et al., 1994) are similar to LamA, but much less specific and hydrolyse both substrates to some degree (endo-1,3(4)-P-glucanase). However, in contrast to these enzymes LamA has a much clearer preference for laminarin. This indicates that the enzymes with intermediate substrate specificity are able to hydrolyse both 1,3-/3-and 1,4-/?-linkages with varying preference for either the 1,3-p-or the 1,4-p-linkage.
All 1,3-fi-glucanases contain insertions in homologous positions within the highly conserved region compared to 1,3-1,4-~-glucanases : an inserted Thr-Cys-Gly337 sequence and a Met342 residue in LamA (Fig. 5) . These insertions purportedly result in a structural rearrangement of the active site and could influence the shift in substrate specificity. The areas outside B-strand K, containing the active site amino acid residues, are much less conserved, e.g. the region around the substrate-binding residues Asnl21, Tyr123 and Glu131 @-strands L and M and loop regions) in the hybrid Bacillus p-glucanase. This possibly reflects the difference in substrate-binding activity towards 1,3-p-or 1,3-1,4-pglucans and in extension of the hydrolytic activity towards 1,3-p-linkages. Surprisingly, B-sheets N and 0, lying within the outside shell of the 'jelly roll' (Hahn et al., 1995) , are highly conserved, pointing to a possible crucial role for the structural integrity of the p-glucanase 
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---- molecule (Fig. 5) . It would be highly interesting to resolve the three-dimensional structure of this type of enzyme and to clarify the disfocussed hydrolytic activity continuously shifting within this enzyme family from 1,4-P-to 1,3-p-linkages.
A surprising sequence homology of LamA was found with eukaryotic protein sequences, the horseshoe crab 1,3-P-~-glucan-sensitive coagulation factor G a subunit precursor (Seki et al., 1994) and the 1,3-P-glucanase from sea urchin (Strongylocentrotus purpuratus) eggs (Bachman & McClay, 1996) (Fig. 5 ) . So far, no glucanase activity of coagulation factor G has been described.
Since sequences are also similar outside the active site in parts of the protein backbone, which preserve the threedimensional structure of the enzyme, and since the temperature range of the sea urchin enzyme is much closer to that of the bacterial enzymes than to the normal environmental conditions in which sea urchins live, it has to be postulated that 1,3-P-glucanase genes have been horizontally transferred from bacteria to eukaryotes.
No function in substrate hydrolysis could be attributed to the non-catalytic domains A1 and A2. Despite its homology to cellulose binding domains, the complete 73 kDa enzyme did not bind to crystalline cellulose (Avicel; data not shown); this does not exclude their function in binding to other insoluble substrates occurring, for example, in plant cell walls or crab shells. However, the 52 kDa enzyme, obviously missing either A1 or A2, loses thermostability and shows a slightly lower pH optimum. This points to a possible role of these flanking domains at least in stabilizing the overall structure of the enzyme core as was shown for the xylanase of T. neapolitana (Zverlov et al., 1996) . Family 16 of glycosyl hydrolases contains a number of thermotolerant P-glucanases. The hitherto most thermostable P-glucanases are Cl. thermocellum LicB (Zverlov et al., 1994) and R. marinus BglA (Spilliaert et al., 1994) with temperature optima of 80 and 85 "C, respectively. The complete enzyme LamA from T . neapolitana is by far superior to all other 1,3-P-glucanases in temperature stability (95 "C) and specific activity (3100 U mg-l).
